Stacking two graphene layers on top of each other results in a moiré superlattice with a periodicity depending on the angle between the layers. Near the magic angle of ~ 1º, a non-interacting continuum model of the band structure of this system predicts nearly flat low-energy valence and conduction bands 4, 5 . We examine the properties of exposed MATBG as a function of electron density in back-gated devices ( Fig. 1 a, b, see Methods for details of fabrication 24, 25 ) using a home-built ultra-high vacuum STM operating at 1.4K. Consistent with previous studies [9] [10] [11] [12] [13] , STM topographies of our devices image the moiré superlattice in which the bright (dark) regions correspond to the AA (AB/BA) stacking region, where high (low) LDOS is expected (Fig. 1c) . From the observed moiré lattice periodicity, we confirm the twist angle in this region of the sample to be close to the magic angle value ~ 1º. A more detailed examination of topographies also reveals the presence of strain and lattice relaxation, the information of which can be extracted from STM topographies (see Methods) and can be used to theoretically model the spectroscopic properties of MATBG when electron-electron interactions are not significant. Including the influence of strain 8 and relaxation 6 in the continuum model results in additional dispersion of the valence and conduction bands (Fig. 1e , f), which not only better captures the width and separation of the double peaks in the tunneling spectra but also the presence of the step-like features at higher and lower energies (arrows in Fig. 1d , f). In our calculations, these step-like features are associated with the vHs of the bands remote to the flat bands. We have repeated similar local modeling of the dI/dV spectra measured at AA sites using information extracted from topographies at other locations of our devices (see Extended Data Fig. 1 ) and found a satisfactory description of the local spectra when disorder is weak, and when the double peaks associated with the flat bands are either below or above the chemical potential.
show that a phenomenological extended Hubbard model cluster calculation, motivated by the nearly localized nature of the relevant electronic states of MATBG produces spectroscopic features similar to those we observe experimentally. Our findings demonstrate the critical role of many-body correlations in understanding the properties of MATBG.
Stacking two graphene layers on top of each other results in a moiré superlattice with a periodicity depending on the angle between the layers. Near the magic angle of ~ 1º, a non-interacting continuum model of the band structure of this system predicts nearly flat low-energy valence and conduction bands 4, 5 . Previously, STM studies of MATBG have visualized the moiré superlattice, identified different regions of sublattice stacking (AA and AB/BA) of graphene sheets and have resolved two peaks in the tunneling spectrum (dI/dV) associated with the large density of states (DOS) of its flat bands [9] [10] [11] [12] [13] . Transport studies show that the partial occupation of the two flat bands of MATBG results in a cascade of insulating phases and superconducting domes as a function of electron filling 1, 2, 14, 15 . Considering the four-fold degeneracy (spin and valley) of the two flat bands, novel insulating phases occur at partial moiré band fillings of =n/n0=0, ±1/4, ±1/2, ±3/4, which suggests the predominant role of electron-electron interactions in the formation of the insulating phases. Interactions also result in the development of magnetism in MATBG 15, 16 , although the broken crystalline symmetry by the underlying hexagonal boron nitride (hBN) substrate may be a requirement for such phases. The observation of linear-T resistivity at high temperatures 17 may also be an indication of interactions; however, the origin of this behavior is still debated 18 . Beyond these observations and despite many different theoretical studies (for example see refs [19] [20] [21] [22] [23] , there are many unresolved questions on the role of interactions in this system.
Among these is the question of whether interactions in MATBG are not only strong when the system is insulating but also when superconductivity emerges at other doping levels 1, 2, 14, 15 .
To construct the correct model of superconducting pairing, an accurate picture of how interactions influence its low-energy excitations is required. Here we use high-resolution spectroscopy of MATBG with the STM to address these questions. Our results show that when the nearly flat valence and conduction bands are either filled or unoccupied, a non-interacting model, which includes the influence of strain and relaxation, captures the spectroscopic properties of MATBG. However, at partial band fillings, we demonstrate the strong modification of the quasi-particle spectrum from that of a non-interacting model over wide energies far exceeding that of the flat bands' bandwidth or their separation to remote bands. Without any theoretical modeling, these experimental observations illustrate that MATBG is a highly interacting problem, the physics of which cannot be captured with weak coupling theoretical approaches. The strong correlations uncovered by our experiments are key to the properties of MABTG when superconductivity emerges in this system.
We examine the properties of exposed MATBG as a function of electron density in back-gated devices ( Fig. 1 a, b, see Methods for details of fabrication 24, 25 ) using a home-built ultra-high vacuum STM operating at 1.4K. Consistent with previous studies [9] [10] [11] [12] [13] , STM topographies of our devices image the moiré superlattice in which the bright (dark) regions correspond to the AA (AB/BA) stacking region, where high (low) LDOS is expected (Fig. 1c) . From the observed moiré lattice periodicity, we confirm the twist angle in this region of the sample to be close to the magic angle value ~ 1º. A more detailed examination of topographies also reveals the presence of strain and lattice relaxation, the information of which can be extracted from STM topographies (see Methods) and can be used to theoretically model the spectroscopic properties of MATBG when electron-electron interactions are not significant. Fig. 1d shows the dI/dV measured at the AA regions shown in Fig. 1c at a gate voltage of Vg= -4V, which features two sharp peaks below the Fermi level and two weaker step-like features at other energies (arrows in Fig. 1d ). As expected from the continuum model and consistent with previous measurements 9-13 the two sharp peaks are associated with the van Hove singularities (vHs) of the occupied nearly flat conduction and valence bands of MATBG. However, the original non-interacting continuum model 4, 5 would predict these bands to have far shaper peaks than those observed in our experiments.
Including the influence of strain 8 and relaxation 6 in the continuum model results in additional dispersion of the valence and conduction bands (Fig. 1e, f) , which not only better captures the width and separation of the double peaks in the tunneling spectra but also the presence of the step-like features at higher and lower energies (arrows in Fig. 1d, f) . In our calculations, these step-like features are associated with the vHs of the bands remote to the flat bands. We have repeated similar local modeling of the dI/dV spectra measured at AA sites using information extracted from topographies at other locations of our devices (see Extended Data Fig. 1 ) and found a satisfactory description of the local spectra when disorder is weak, and when the double peaks associated with the flat bands are either below or above the chemical potential.
The breakdown of this single-particle description of the spectroscopic properties of MATBG when interactions are important becomes evident when we study the evolution of the quasi-particle spectra in our device as a function of electron density controlled by Vg. Fig. 2 shows dI/dV measurements on the AA region as a function of Vg, which spans three different regions of occupation for the two flat bands; when the flat bands are both occupied (Vg>-5.5 V), when they are being depleted (-53. have found superconductivity in this system below 1K.
To further relate our spectroscopic measurements to the transport properties of MATBG, we plot the tunneling conductance at zero energy dI/dV(0), which is a measure of the DOS at the Fermi level, as a function of Vg in Fig. 3 . . However, we caution that this gap at half-filling is much larger (~20 times) than that observed in transport measurements and may be related to a soft gap observed at other doping levels (Fig. 2c ). Interactions together with the localization of electrons either by disorder or large magnetic fields are well known to induce soft Coulomb gaps in tunneling spectroscopy [26] [27] [28] . We also identify a region close to the charge neutrality show the pinning of the flat bands when being filled (vertical feature in Fig 2a) and generic broadening of the bands as well as the enhanced separation between the vHs near the CNP due to the exchange interactions. However, they fail to reproduce the abrupt distortion of the quasi-particle spectra during the partial filling of the flat bands.
During the partial filling of the conduction flat band, our calculations show no discernable distortion of the valence flat band. More generally, if a mean-field order parameter is added to the bands self-consistently, there would be no reason to expect a large distortion of the un-occupied valence flat band when the occupation of the conduction flat band is slowly changed. We therefore conclude that a weak coupling mean-field picture of interactions is inadequate in producing spectra that match our findings.
Next, we consider whether the features we observe can be a consequence of the symmetry breaking in the ground state of MATBG 21 . It is instructive to contrast our findings with recent STM studies of valley polarized quantum Hall states, in which the occupation of the flat Landau level (LL) bands can be adjusted 29, 30 . These experiments
show that interactions produce symmetry-broken valley polarized ground states, which induce spectral splitting at the Fermi level. However, in stark contrast to our observation, the line shape of the filled or unfilled LLs in those experiments remain unaffected even when symmetry is broken in the system. We therefore conclude that in MATBG while interactions can break the valley or spin symmetry at fractional fillings of the flat bands 15, 23 , such changes should only alter the states of the partially filled band, in which such symmetries are broken and would not generically alter the fully occupied or unoccupied flat bands. We attribute this behavior previously observed in quantum
Hall ferromagnets to the fact that cyclotron energy is much larger than that of the interactions. By contrast, in MATBG, our incapacity to explain the features of the data within the weakly interacting model (mean-field) forces us to consider a physical picture where the effects of interactions are dominant.
The salient features of our data can be captured within a phenomenological model in which the effects of Coulomb interactions of the nearly localized states of the moiré flat bands can be studied without relying on a mean-field approximation. To motivate our phenomenological model, we note that the maximally localized Wannier orbitals corresponding to the MATBG's flat bands are shaped as three lobes symmetrically distributed around the AB/BA moiré sites, with their wavefunctions strongly localized at the three nearby AA sites [19] [20] [21] . Theoretical studies have emphasized that the shape of these Wannier functions suggests that including the nearest-neighbor Coulomb interactions is required and have constructed extended
Hubbard models based on this idea. Given that the charge density is peaked on the AA sites (Fig 1c) , the simplest model to consider is that of a triangular lattice with twoorbitals per site at energies ± (no spin/valley flavor). We include a hoping between nearest sites (t) and both the on-site (U) and the nearest-neighbor (V0, V1) Coulomb repulsions ( 
Methods
Sample preparation. The device was made using a modified 'tear and stack' technique 24, 25 . We used a polypropylene carbonate (PPC) film and polydimethylsiloxane (PDMS) stack on a glass slide to first pick up a 30-40nm thick hexagonal boron nitride(hBN) flake. Then we used the van der Waals force between hBN and monolayer graphene to tear and pick up half of the graphene flake. The remaining graphene flake on the Si substrate is rotated by 1.3° and picked up. In order to expose the graphene surface, the resulting stack with PPC is transferred onto a 2 nd PDMS stamp. After dissolving the PPC film in acetone, the inverted stack is placed in between prepatterned Au contacts deposited on a SiO2 wafer with a Si back gate (Fig. 1a, b) . Before inserting into STM, the sample was annealed for 10hrs in ultra-high vacuum at 250 ℃.
In these devices, we adjust the electron density in situ in the STM by adjusting the back-gate voltage. The 1.72° device (Extended Data Fig. 5 ) was fabricated by first picking up a graphite flake followed by the preparation of hBN/twisted bilayer graphene stack. The resulting stack with the PPC film was dropped off directly on pre-patterned SiO2 wafer. The PPC film is removed by radiation heating in a high vacuum chamber.
Finally, a 2 nd graphite flake was placed to ensure the connectivity between the twisted bilayer graphene and the pre-patterned Au contact.
STM measurements.
All measurements were performed on a homebuilt UHV STM operating at T=1.4 K, which can store two samples simultaneously. The dI/dV spectra are acquired using standard lock-in technique with a modulation voltage Vmod (rms, f= 4 kHz) and a time constant of 5ms while keeping the feedback opened using an appropriate bias Vset and current Iset to stabilize the tip-sample distance.
Estimating the effect of strain using a heterostrain model. Due to the presence of strain, STM topographies show different moiré periodicities along different superlattice directions. We estimate the effect of strain and a more precise value of the local twist angle using a uniaxial strain model as described in ref. 12 . The free parameters are the twist angle q, the strength of strain e and the direction of strain qs. We numerically find the parameters set (q, e, qs) that best reproduces the three Moiré wavelengths from STM topography. For the first sample with L1=14.04 nm, L2=14.98 nm, L3=12.84 nm, we find (q=1.01°, e=0.3%, qs=27°). For the second sample (see Extended Data Fig.1a ), the Moiré wavelengths are L1=13 nm, L2=12.2 nm, L3=11.8 nm and we find (q=1.14°, e=0.2%, qs=35°).
Extended continuum model. We modified the continuum model as described in ref. 8 to include the effect of strain. The influence of relaxation is incorporated by estimating the area ratio of AA and AB regions, which translates to the ratio of uAA/uAB as described . 3c ) and measurements in Fig. 3a . The simulation in Extended Data Fig. 3c shows a 2 to 1 ratio for the difference in depletion of conduction to the valence band. This ratio in the data in Fig. 3a is 3.8 to 1 ; however, the exact results in the model depends on microscopic details such as the exact tip shape, work function difference, tip-sample distance. Extended Data Fig. 3d ,e show the measurement on the same AA site with the same microscopic STM tip (as Fig. 3a ) but with different set point conditions, which adjust the tip height. We find that the gate range for the valence flat band is sensitive to the tip height consistent with our model and the ratio of conduction to valence flat bands is reduced from that of Fig. 3a . The sensitivity of the dI(0)/dV to fractional filling of valence and conduction bands (i.e. gaps) , and the gate voltages at which they occur, also change with the height of the tip.
Extended Data Fig. 3d ,e also show that the regions of zero conductance near CNP depends on the tip height. Using different tip conditioning, we also find example in which the gate voltage for depleting the lowest conduction and valence bands is nearly symmetric (Extended Data Fig. 5 ). As noted in the manuscript, further experiments are required to associate features in dI/dV(0) with intrinsic behavior of MATBG and to correlate them with transport studies precisely. Last, in the same finite elements electrostatic simulation, we find that the tip band bending effect has negligible influence on the line shape of the flat bands.
Self-consistent Hartree-Fock calculations.
We apply the self-consistent Hartree-Fock 
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